Abstract. Reservoir releases may be specified for the purpose of maintaining or improving the downstream channel and habitat. A wide variety of ecological or management objectives may be defined for such flushing flows (which may be broadly divided into sediment maintenance and channel maintenance flows). To specify a particular discharge and water volume for a flushing flow requires that the ecological or management objectives be translated into specific physical objectives for which flows can be specified. Flushing objectives that cannot be translated into definable flows are of little practical use, regardless of their intrinsic importance. Once defined, flushing flow objectives may be shown to conflict in some cases. For example, no flushing flow can satisfy the typical sediment maintenance objectives of maximizing sand removal and minimizing gravel loss. A discharge that mobilizes sediment throughout the channel cross section for channel maintenance purposes will often produce comparable transport rates of sand and gravel, thereby eliminating the selective transport of sand needed to reduce the sand content in the bed. Some nonflushing alternatives, Such as artificial gravel replenishment and pool dredging, can be used to improve the performance of flushing flows. Selection among these alternatives and specification of a flushing flow discharge and volume depend directly on quantitative estimates of sand and gravel transport as a function of flow rate and volume.
Introduction
River channels immediately downstream of reservoirs typically experience a decrease in flood flows and sediment supply.
When flow diversions are made at the reservoir, the total discharge is also reduced. When a natural discharge regime is replaced by a low constant discharge, portions of the channel no longer inundated by high flows are lost as aquatic habitat. The variability of topography, depth, and velocity in the channel may decrease with the loss of natural flow variability. Beyond these direct hydrologic effects, reservoir regulation can affect aquatic habitat through adjustments in channel geometry and sediment.
The adjustments of the downstream channel depend on the relative changes in flood magnitude, sediment transport capacity, both the load and caliber of sediment supply, and the rate at which unregulated water and sediment are introduced from tributaries downstream of the reservoir [Williams and Wolman, 1984] . If reservoir storage has sutficiently reduced the river's transport capacity, fine sediment introduced from downstream tributaries may accumulate on the bed. Reduced flood flows may also produce channel narrowing by depositing sediment along channel margins, abandoning multiple channels and adopting a single thread, incising a narrow channel within the formerly active bed, and colonizing vegetation of the formerly active channel. A variety of ecological and management objectives for flushing flows may be distinguished. These may be divided into either of two broad categories of sediment maintenance or channel maintenance, depending on whether they are designed to modify or maintain the channel sediment or the channel geometry. In addition to these objectives (which establish minimum flushing flows), maximum flushing flows may be determined by constraints imposed by flood control requirements, costs of water, and gravel loss from reaches where upstream gravel supply has been eliminated by dams (Tables 1 and 2 ).
To mitigate these dam-induced impacts
Flushing flows may involve considerable costs such as lost power generation, reduced water supply, and loss of spawning gravels. Despite this, in many cases, flushing releases have been recommended without specific statements of flushing objectives or evaluation of whether those objectives are actually achievable. Instead, flushing flows are often presented in terms of one or more of the many flushing methods that have been proposed [Reiser et al., 1989] , with insutficient consideration to whether the methods are appropriate or effective for the prob-objective can become blurred, with the result that there may be little certainty that the flushing flows will produce a desirable result. Further, it has been shown that different flushing methods applied to the same stream can produce a wide range of calculated discharges [Kondolf et al., 1987; Milhous and Bradley, 1986 ] and therefore may produce a wide range of physical changes to the river channel. A meaningful estimate of flushing flows requires a clear statement of objectives, so that the flow necessary to achieve those objectives can be determined.
A further problem is that some flushing objectives are too broadly stated to admit specification of particular flushing flows. For example, requiring flows for "channel maintenance" without specifying the associated channel processes does not permit a useful discharge to be s•ecified with any certainty.
Flushing flows suitable for specific ecological goals may be difficult to specify, because the connections among hydraulics, sediment transport, and ecological response are complex and influenced by a variety of factors. Ecological objectives must be restated in terms of the physical changes (with presumed ecological benefits) that may be produced by a flushing flow. Flushing objectives that cannot be translated into definable flows are of little practical use, regardless of their intrinsic importance.
In this paper we attempt to restate various ecological and management objectives in terms of physical changes for which flushing flows may be defined. Having done this, some objectives can be recognized as incompatible. Achieving such diverse objectives may require nonflow alternatives, such as mechanical bank manipulation, artificial sediment supply, and pool dredging. Both the costs and risks associated with flushing flows can be quite large, so there is a clear need for a quantitative basis for choosing among the available options. Once flushing flow objectives are clearly defined, the necessary discharge and water volume may be specified, and thus costs, sediment transport, and channel change associated with each alternative can be estimated. Although there is uncertainty in these estimates, they provide a basis for evaluating the costs and relative benefits of flushing flow and nonflow alternatives.
Methods for Prescribing Flushing Flows
Although the focus of this paper is on flushing flow objectives, it is useful to provide background by briefly summarizing the various methods suggested for calculating flushing flows. Comprehensive reviews by Reiser et al. [1985, 1989] classified flushing methods based on their data and field work requirements. Flushing methods may also be classified based on their underlying assumptions [Kondolf et al., 1987] . We recognize three categories of methods for estimating flushing flows: selfadjusted channel methods, sediment entrainment methods, and direct calibration methods.
Self-adjusted channel methods base flushing flows on a statistic drawn from the predam flow regime, assuming that the channel has achieved some kind of equilibrium with the prevailing flow regime and sediment load and that all channels arrive at this state of adjustment with a discharge whose frequency of occurrence is similar from place to place. The concept of a dominant or channel-forming discharge pertains to the overall, mean behavior of rivers. However, the concept may apply poorly to a particular channel because the assumption of equilibrium may not be valid, and because the effective discharge for that channel may not correspond to the generalizations in the literature. Methods based on self-adjustment of channels include those that prescribe 200% of the mean annual flow [Tennant, 1976] For old dams, however, the river channel may already have adjusted to the reservoir-regulated flow regime. Methods based on natural hydrographs or channel geometry no longer provide a suitable basis for prescribing a flushing discharge because these methods implicitly assume a mutual adjustment among the hydrology, channel geometry, and sediment transport. The channel of an existing project will reflect an artificial and often incomplete adjustment between sediments in the channel before regulation and the supply of water and sediment after regulation. For example, a wide gravel-bedded river may have evolved into a narrower channel with steep, finegrained banks colonized by mature riparian vegetation, and the bed material may be finer or coarser owing to bed aggradation or degradation.
The range of feasible flushing objectives below existing dams may be constrained by the degree of postdam channel adjustments and limitations from release capacity, water and power 
Specifiable Flushing Objectives
In order to specify an effective flushing flow, the objectives of that flow must be stated in a manner that permits identification of a particular discharge and water volume to achieve the objectives. In this section we attempt to translate various ecological and management objectives into specifiable flushing flow objectives for which flows can be estimated (Table 1) . In some cases the flow necessary to accomplish a specific flushing flow objective may be ditficult to determine in advance by any simple method. In all cases there will be uncertainty associated with the estimates of sediment or channel change. Trial releases can be useful in evaluating the accuracy of the transport estimates and the associated flushing flow effectiveness. The important point here is that each objective have associated with it particular physical changes in the stream channel and a definable flow or range of flows that will produce tho•e changes. Then, the costs, constraints, and trade-offs associated with that objective may be addressed, and the compatibility among different objectives may be evaluated.
Restoring/Enhancing Riffle Habitat
Fine sediments on and within a gravel-and cobble-bed river can degrade the spawning habitat for fish species that lay their eggs on or within the bed and eliminate juvenile rearing habitat in the interstices of the cobbles and gravel [Everest et al., 1987] . Interstitial sediments finer than 1 mm can decrease the hydraulic conductivity of the gravel, thereby reducing intragravel flow and the supply of oxygenated water to incubating eggs. The complex flow field in pools and variable geometry from pool to pool make advance estimates of pool scour difficult, although approximate relations may be developed using onedimensional hydraulics and the proportion of sand in the channel and pool . Wesche [1991] found that a flow equal to 12 times the mean annual flow would flush pools filled with sediment after decades of flow diversions in a set of mountain streams in Wyoming. The scour depth achieved by a particular discharge is likely to increase if a reach becomes gradually flushed of fine sediment, thereby decreasing the fine sediment input to the pools. Monitoring pool fill and scour during flushing releases is likely to be necessary to accurately determine their ongoing effectiveness in scouring pools.
Scour of sand from pools has also been cited as an objective for the Colorado River in the Grand Canyon, although in this case the purpose is to deposit the pool-derived sand on bars used for camping [U.S. Bureau of Reclamation, 1993; Schmidt, 1993].
Maintaining Active Channel Width and Topographic Diversity
The ecological diversity and productivity of river channels and floodplains is directly related to the areal extent, complexity, and variety of available physical habitats, which include the channel bed, side channels and related habitats, and irregularities in the channel that provide cover and refugia from highvelocity flows (e.g., pool-and-riffle alternations, irregularities in the bank line, and large roughness elements such as tree trunks) [Gregory et Figure 1 ). This vegetation encroachment and channel narrowing can reduce the hydraulic capacity of the channel (thereby increasing flood hazard), reduce the area of available aquatic habitat, and reduce topographic variability, thereby decreasing the amount and diversity of aquatic habitat [Ligon et al., 1995] .
The goal of maintaining active channel width and topographic diversity in rivers with seasonal flow regimes involves, in part, prevention of vegetation encroachment into the active channel. This in turn requires that seedlings of riparian plants be scoured at least biannually to avoid establishment of mature plants with root networks resistant to scour. Relatively little research has been conducted on the shear stresses required to dislodge riparian seedlings [e.g., Oplatka and Sutherland, 1995], but for gravel-bed rivers it is reasonable to specify the flow required to mobilize the bed surface. Young seedlings will not add appreciably to the bed's resistance to scour, nor will they survive mobilization of the surface layer.
The flows needed to scour seedlings from the surface of a gravel bar can be calculated using the same approach one would use to estimate the flows needed to entrain the channel bed, although greater flows may be needed to achieve the necessary depth (and thus ,) over the bar. Below new projects, the bank-full discharge may provide a good initial estimate of such a channel maintenance flow because the unvegetated active channel (in which seedlings cannot grow to maturity) corresponds to the area scoured by the bank-full discharge in many rivers. The bank-full discharge may be estimated using a flood with a specified frequency (e.g., the 2-year flood, Q2) if regional correlations between flood frequency and bank-full discharge are available, or using a flow resistance relation in connection with surveyed channel cross sections. In some cases the bank-full discharge may be sufficiently small that it could be released from large reservoirs without severely affecting project operation.
The frequency of effective channel maintenance flows for natural channels is likely to vary among different hydrologic regions. In channels with ephemeral or highly variable flow, larger, less frequent events are relatively more geomorphically effective [Wolman and Gerson, 1978 
Creating Diverse MultiAge Riparian Habitat
The diversity of riparian habitat depends upon the diversity of physical environments for vegetation, ranging from freshly deposited, coarse-grained point bars (colonized by early successional species) to higher floodplain surfaces underlain by fine-grained over-bank sediments (supporting mature, later successional species). The diversity of this physical habitat is maintained by active channel migration [Ward and Stanford, 1995]. Reduced floods and sediment supply below dams may cause channel degradation and reduced rates of channel migration, thereby eliminating the erosion of meander bends and creation of new point bar habitat. As a result, the areal extent of pioneer forests may decline, offset by an increase in extent of later successional species, and resulting in an overall loss of species (and therefore habitat) diversity [Johnson, 1992] 
Constraints
Flushing flow objectives must typically be considered in the context of one or more ecological or management constraints, which are listed (with their specific influence on flushing flow releases) in Table 2 .
Preserving Spawning Gravels
If gravel transport during flushing flows exceeds supply from upstream (as may typically occur downstream of a reservoir), the extent of spawning gravels may decline. To minimize gravel loss, gravel transport rates must be minimized. Because some flushing flow objectives require mobilization of the gravel bed, this constraint can directly conflict with the flow objectives. An important alternative in such cases is artificial replacement of gravel or inducement of local bank erosion when banks contain suitably sized gravels.
Minimizing Cost of Water and Loss of Hydroelectric Revenue
The potential benefits of flushing flows must be weighed against the cost of the releases in terms of lost water (for municipal or agricultural use) and lost hydroelectric generation. The optimal flushing flow is one that achieves its flushing objective with a minimum cost. A benefit of carefully defined flushing flow objectives is evident here. Different combinations of discharge, water volume, and nonflow alternatives may be found that satisfy the objective, whereas one particular combination is likely to have minimum cost.
The cost of flushing flows depends not only on the amount of water consumed in the release, but also the timing of the release and whether some of the release can be used to generate power (a function of the dam and power plant configuration and type of project). For example, if the release is made during the wet seasons, there is a greater likelihood that the water released from a small reservoir may be replaced by new water flowing in from upstream than if the release is made during the dry season when reservoir inflow is low. In a reservoir with a large storage capacity relative to runoff, the seasonal timing may be less important because of carry-over storage from year to year. 
Preventing Bank Erosion
The encroachment of human settlement onto the formerly active channel (discussed above) can create another constraint upon flushing flow magnitude and duration. Loss of structures or land to bank erosion can be expected to stimulate complaints or legal actions from the affected landowners. This constraint directly conflicts with the objective of maintaining diverse multiage riparian habitat and gravel supply from bank erosion.
Preserving Active Redds
Incubating embryos are vulnerable to destruction if their redds are scoured during high flows. To avoid scour of embryos requires that spawning gravels are not scoured to the depth of the egg pockets while eggs (or hatched alevins) are present in the gravel. This requires either that flushing be timed to avoid incubation periods (which vary with species and water temperature but are typically 6-10 weeks in the winter or spring), or that scour be shallower than the egg pockets (whose depths vary with species, but typically range from 10 to 30 cm [Everest et al., 1987] ). The same set of analytical approaches used to specify flushing flows for mobilization of the gravel bed for sediment maintenance can be used to predict scour depth and thus specify the flow levels associated with this constraint.
Compatibility of Flushing Flow Requirements
Review of the existing literature on flushing flows [Reiser et al. 1985] suggests that the distinction between specific flushing objectives has not always been explicitly recognized, and many practitioners have evidently assumed that a single flow can be specified to perform all the desired functions on a given river. However, there is no a priori basis for assuming that a single flow will perform all the functions of the range of floods under the natural, predam hydrologic regime, especially given that dams alter both sediment and flow regimes. Having stated flushing flow objectives in terms of specific physical processes, it becomes possible to evaluate whether these objectives are compatible.
Narrow Window for Flushing Fine Sediments from Gravel
The objectives of entraining gravel to permit subsurface flushing and loosening of the bed structure may conflict with the constraint of preserving channel gravels. To minimize the cost of water used for flushing flows, it is desirable to maximize the rate at which sand is removed. Because the efficiency of sand transport Q s increases with discharge Q (Qs oc Q•', where b > 1), the largest possible discharge will maximize sand removal efficiency. At the same time, however, higher flows produce a larger gravel transport rate. If the gravel transport rate approaches that of the sand (when each is scaled by the proportions of gravel and sand in the bed), the selective transport needed for net reduction in sand content is eliminated, and the future composition of the bed will be determined by a balance between upstream sediment supply and transport from the reach. In some cases this will result in a fining of the bed.
If gravel transport during flushing flows exceeds gravel supply, the gravel content in the reach will be reduced.
Clearly, no flushing flow can both maximize sand removal and minimize gravel transport. The best solution is a flow that produces sufficient gravel entrainment to expose the bed subsurface and loosen the bed structure while also producing a sand-to-gravel transport ratio sufficiently large to permit net sand removal. Field and laboratory transport observations suggest that these transport conditions exist over a narrow range of discharge , as illustrated in Figure 2 , for the Trinity River in northern California and for a laboratory sediment [Wilcock and McArdell, 1993] . Shown for each case is a scour threshold Zsc representing mean bed scour to a depth of approximately D9o . The transport rates q•,i of the sand and gravel are scaled by the proportion fi of each in the bed. Both cases show that sand is preferentially transported at smaller Zo. The onset of general gravel entrainment does not occur, however, until the gravel transport rates approach those of the sand. In the laboratory case, Zsc is not associated with uniform scour: less than 25% of the coarsest grains (greater than D9o ) are entrained. At the largest transport observed with the laboratory sediment (Zo • 1.3Zsc), nearly all of the gravel clasts on the bed surface are entrained, but the gravel transport rate is within 20% of that of the sand . In the field case, Zo for equivalent sand and gravel transport rates is only 10-20% larger than Zsc, a result that may be typical because in many gravel bed rivers, Zo rarely exceeds the critical shear stress for incipient motion of the gravel by more than 20% [Parker, 1979] .
In both cases in Channel migration requires bank erosion (accompanied by point bar deposition), while bank erosion must be arrested to protect structures built along the channel (or other land uses located there) and threatened by bank erosion. As with the conflict between vertical accretion flows and flood control, protection of the structures will typically have priority.
To permit over-bank and bank-eroding flows (and their attendant ecological benefits) may require that structures be prohibited from the meander belt and that other land uses (such as recreation or agriculture) be permitted only to the extent that it is understood that they do not warrant bank protection.
Summary and Conclusions
A wide range of ecological or management objectives have been cited for flushing flows, ranging from maintaining gravel quality to maintaining active channel width and habitat diversity. Often, the objectives stated are too broad to permit specification of a particular discharge and water volume. Also, flushing flows may be specified in terms of a particular method without sufficient consideration of the benefits that are to be produced by the flow. Flushing objectives that do not permit specification of a particular flow are of little practical use, regardless of their intrinsic merit.
To determine an appropriate and effective flushing flow release requires that the ecological and management objectives be translated into specific, achievable physical objectives.
These include flows to mobilize the surface layer of the channel bed, remove sand from pools, erode channel banks, and deposit sediment on floodplains. These physical processes (which support the ecological resources of interest) may be estimated in advance and verified by observations during initial releases.
Once clearly specified, flushing flow objectives can be eval-uated to identify potential incompatibilities. Sand removal efficiency increases with discharge, but so does the rate of gravel loss. Sand removal from the subsurface requires gravel transport at a rate approaching that of the sand, so that effective sand removal is restricted to only a narrow window of discharge. Active transport throughout the channel to prevent vegetation encroachment may produce excessive gravel loss through deeper parts of the channel. Over-bank flooding to support floodplain habitat can cause bank deposition that diminishes topographic diversity for within-channel flows. Conflicts also arise between flushing flow objectives and management constraints to minimize water costs and protect structures from flooding and bank erosion.
The potential incompatibility among flushing flow objectives points toward the need for explicit calculations of sand and gravel transport under different flushing flow alternatives. Selection of an effective flushing flow rate and volume, along with other alternatives such as gravel replenishment, mechanical bank manipulation, and pool dredging, requires estimating sand and gravel supply and transport rate through the river channel. Only by determining these quantities will it be possible to evaluate the impacts and costs of the different alternatives in specifying an effective flushing flow.
